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Single molecule manipulation techniques have become versatile tools to study the force 
and motions of biological molecules such as DNA and proteins, and DNA-protein 
interaction in nanometer scale. In particular, the interaction between DNA and proteins 
has been receiving a lot of research efforts due to its important role in genomic 
compaction and functions. In this study, we investigated the interactions of three typical 
proteins with DNA, including NAP-1 from eukaryotic cells, MvaT and MvaU from 
prokaryotic cells, by using magnetic tweezers.  
In eukaryotic genome, DNA organization has a significant impact on gene expression and 
transcription, in which various proteins are involved. The conventional methods to 
assemble nucleosomes in vitro are preformed either on the off-cell bulk complex or the 
crucial cell extract with all the necessary assembly factors. Those methods require a very 
precise control of the percentage of the components as well as the experimental 
environment conditions. Moreover, the crucial cell extract assay is consumed largely and 
also is hard to perform. Nucleosome assembly protein 1 (NAP-1) is a histone chaperone 
which has proven to be capable of assembling chromatin on repetitive DNA sequence in 
bulk complex in vitro. We used salt-dialysis with NAP-1, competing DNA methods and 
different concentrations of NAP-1 to assemble nucleosome on random λ-DNA sequence. 
Regular steps were observed. To our knowledge, this work is the first trial to use single 
molecule manipulation technique to assemble chromatin on random DNA sequence with 
association of NAP-1. 
In prokaryotic cells, architectural proteins appear to significantly influence DNA 
v 
 
compaction and gene function. One of the most notable architectural proteins, H-NS, has 
proven to be a key protein on gene silence in bacteria. There also exist H-NS-like 
proteins which contribute significantly in DNA compaction, such as MvaT and its 
homology, MvaU. To explore the similarities and differences between H-NS and 
MvaT/MvaU in terms of binding mechanisms, we conducted a series of experiments on 
MvaT and MvaU in varies conditions. Most significantly, two MvaT mutants were 
investigated under the same conditions as wild type MvaT. It was found that in addition 
to bridge DNA, both MvaT and MvaU can also stiffen DNA and form a rigid scaffold 
structure along DNA. Most significantly, the mutants can defect the scaffold structure 
completely under the same conditions. These findings suggest that the scaffold structure 
is important for MvaT’s gene silencing function. In this thesis study, we originally 
pictured the completed MvaT and MvaU binding mechanisms and revealed the 
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Chapter 1 Introduction  
1.1 Biology Background 
1.1.1 DNA Structure 
Deoxyribonucleic acid (DNA) is nucleic acid that carries hereditary materials used to 
develop and functionalize all living beings except viruses which use RNA as genetic 
information carrier. DNA’s double helix structure has been well studied since 1963 when 
the double helix model was proposed for the first time. Figure 1.1 shows the well-known 
DNA double helix structure. Each DNA strand contains a sugar-phosphate backbone 
comprising a chain of 5-carbon sugars which are linked together by phosphoric acid 
groups. The four base pairs, including adenine (A), thymine (T), cytosine (C) and guanine 
(G), are attached to the sugar to form the basic unit, nucleotide. The A-T or C-G 
nucleotide is connected by hydrogen bonds. As shown in Fig. 1.1, the hydrogen bond 
between two nucleotides connects the two complementary strands and the intra-strand 
stacking interaction (the repel force between two neighboring negatively charged base 
pairs) between the adjacent base pairs forces the two strands to intertwine and eventually 
form a double helix structure.  
Each DNA strand has its own polarity. One strand starts with 5’ and ends with 3’ while 
the other strand runs towards the opposite direction. As a result, DNA double strands 
have opposite polarities and consequently they are anti-parallel. The overall polarity of 






Figure 1.1 DNA Structure. Left: DNA backbones. A 5-carbon sugar, one phosphate and the 
nitrogenous base in the middle compose the basic structural unit, nucleotides. The repetitive units of 
nucleotides form the DNA strands. The nitrogenous bases are paired up, purine with pyrimidine (A 
with T, G with C) and are held together by weak hydrogen bonds. Right: the DNA double helix 
structure. The hydrogen bond between two nucleotides connects the two complementary strands and 
the intra-strand stacking interaction (the repel force between two neighboring negatively charged base 
pairs) between the adjacent base pairs forces the two strands to intertwine and eventually form a 

















1.1.2 Mechanical Properties of DNA as Polymer 
DNA is a macromolecule consisting of numerous basic repetitive units (DNA backbones). 
These repetitive units furthermore form the DNA double helix structure. The double-
stranded DNA can be treated as a semi-flexible polymer with a fixed contour length when 
the external force is not very large (i.e., <10 pN). Therefore, some concepts in polymer 
physics can be introduced to model DNA structure.  
The persistence length A is an important variable to describe double-stranded DNA 
conformation. In classical elasticity theory, the bending energy needed to bend a thin, 
straight rod into an arch is defined as E = Bl 2R2� , where B is the bending elastic constant 
of the rod, R is the radius of the arch and l is the length of the rod. If we set E = kBT, 
then only the thermal energy induces the bend and with R = l we will get the length of 
the rod, along which thermally induced bend of 1 radian occurs: l = B kBT�  where kB is 
the Bolzmann constant. The persistence length A is reported to be 50 nm (~150 bp) for 
double-stranded DNA. This means that the double-stranded DNA can be treated as a 
straight and rigid rod over a distance shorter than A.  
When the contour length of DNA is bigger than the persistence length and also there is no 
external force applied, the DNA can be treated as random walk with a fixed step size B = 2A = 100 nm . DNA exists at a random coil conformation under this condition. 
However, force plays a fundamental and essential role in all biological processes and 
moreover the force-free situations rarely happen in nature. Therefore, single molecule 
manipulation is invented to detect the mechanics of force response of DNA to mimic the 
real processes in nature. When external force (<10 pN) is applied, the worm like chain 
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(WLC) model has proven to an effective model for the double-stranded DNA [1]. In 
classical polymer physics, the WLC model is used to describe stiff, continuous elastic 
medium which is very similar to the DNA configuration: a stiff macromolecule with 
successive repetitive units. 
We define s as the contour length of a double-stranded DNA at relaxed-state and r(s) as a 
function of s which indicates position. The tangent vector t(s) is the first derivative of r(s) 
with respect to linear segment, ds. When a force along z-direction, f ̅  = f ∙ z� is applied as 
shown in Fig. 1.2, the energy of the whole contour length (L) of the DNA chain is   
EkBT  =  � �A2  �d t̂(s)ds �2 −  fkBT t �(s) ∙ z��  dsL0  
where A is the persistence length of DNA, kB is the Bolzmann constant. 
Figure 1.2 Illustration of the WLC model. r(s) is a function of the DNA 
contour length s. The tangent vector t(s) is the first derivative of r(s). 
When an external force along z direction is applied 𝐟̅  = 𝐟 ∙ 𝐳�, the whole 
energy of the DNA chain can be calculated by WLC model. 
Since the double-stranded DNA undergoes structure deformation at external force >10 
pN (e.g. force-induced DNA melting, overstretching), the inextensible WLC model, 
which is suitable exclusively for the cases with fixed contour length s, is no longer 
applicable for explaining the DNA structure at large force ( >10 pN). In live cells, most 
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DNA-protein interactions occur under the force of <10 pN. Therefore, the WLC model is 










































f-1/2 (pN-1/2)  
Figure 1.3 The application of the WLC model in magnetic tweezers. (a) The force applied to a naked 
DNA can be measured using the transverse fluctuations of the paramagnetic bead. A naked DNA 
tether was measured in 1x PBS buffer. The extension (end-to-end distance) was studied as a function 
of the exerted force, which can be determined by the transverse fluctuation of the paramagnetic bead. 
Thirteen points were tested with the force ranging from 0.1 to 10 pN. (b) The plot of the reduced end-
to-end distance (the ratio of the extension z to the λ-DNA contour length L=16.4 μm) z/L vs. the 
square root of 1/f (f is the applied force). The slope of the fitted curve (the red curve) is -0.12 which 
corresponds to A=53 at room temperature (T=300K) according to the WLC model, which agrees with 
the persistence length of naked DNA (A=50). 
1.1.3 DNA Compaction in Eukaryotes and Prokaryotes 
The length of the human DNA at random coil state is about 2 meters long. One of the 
well studied bacteria, E.coli, with a cell dimension of 2 μm in length and 0.5 μm in width, 
needs to accommodate a 200 μm3 DNA at random state into a 0.5 μm3 nucleoid. The 
mechanism of constraining DNA into such a small space is crucial. In cells, DNAs 
undergo several degrees of compaction. Firstly, from the biochemical point of view, 
macromolecular crowding can help DNA compaction. In a single cell, plenty of proteins 
and RNAs are produced for gene transcription and regulation. The high concentration of 
these macromolecules generates a high depletion force which can cause DNA 
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compaction. Depletion force is basically an attractive force between two big structures 
with the existence of small molecules. For instance, in a crowded environment full of 
NaCl molecules, charged DNA can create a small space where only hydrones can pass 
through, inducing a pressure difference to force the DNA to compact. However, the 
depletion force is much smaller than the force needed to condense DNA into such a small 
space. Therefore, architectural proteins are needed to compact DNA in both eukaryotes 
and prokaryotes [2].  
1.1.3.1 DNA Compaction in Eukaryotes 
Double-stranded DNA is organized into a structure called chromosome in eukaryotic 
cells. Chromosome consists of a double-stranded DNA and many proteins which are 
involved in the DNA compaction. The dynamics of chromosome compaction are defined 
as: firstly, the double-stranded DNA wraps around a histone octamer disk (contains two 
H2A and H2B dimers and one H3/ H4 tetramer) about 1.67 rounds forming a ~11 nm 
bead-on-string structure, called a nucleosome (Fig. 1.4). Furthermore, a 60 bp of DNA 
sequence which is referred to as a linker DNA links the adjacent nucleosomes together to 
form a 30-nm chromatin fiber. Further compaction of chromatin fibers is known as 





Figure 1.4 The structures of the nucleosome and chromatin fiber: (a) Structure of a nucleosome 
core. 146 bp of double-stranded DNA coated on a histone protein disk to form a ~11 nm bead-
on-string structure. Together with a 60 bp linker DNA called nucleosome. Each nucleosome 
contains 206 bp of DNA. H1 is supposed to further compact chromatin to higher-order 
structure. (b) Structure of a basic chromatin fiber. The linker DNA links the adjacent 
nucleosomes and then to form the preliminary chromatin fiber structure. 
 
Figure 1.5 Highly complex structure of chromatin (adapted from Annunziato, A. (2008) DNA 
packaging: Nucleosomes and chromatin. Nature Education 1(1)). A double-stranded DNA wraps 
around a histone octamer to form the bead-on-the-string structure. The basic repetitive unit of 
chromatin, nucleosome is formed. H1 histone protein links the adjacent nucleosomes together to form 
a 30-nm chromatin fiber. The higher order compaction of the 30-nm chromatin fibers leads to a 
supercoil. Finally a chromosome is formed from the further packaging of the supercoil structures. The 








DNA is negatively charged while histone proteins are positively charged. Consequently, 
histone proteins can bind to DNA firmly due to the electrostatic force. However, simple 
static electrical force is nonspecific and unpredictable and as a result cannot lead to a 
regularly spaced nucleosome structure without forming aggregates. Many kinds of 
proteins are involved into the DNA compaction process. Histone chaperons are a group 
of proteins in eukaryotic cells to help chromatin assembly. The binding mechanisms of 
histone chaperons to histone proteins and the functions of histone chaperones gained 
great interests in the past decade. It has been well known that histone chaperone can 
associate with a target histone protein to prevent the misfolding of histone protein and 
consequently avoid aggregating into nonfunctional structures during chromosome 
compaction. Histone chaperones play various roles in associating histone proteins. Table 
1.1 lists several typical well studied histone chaperones [3].  
Table 1.1 Typical histone chaperones and their functions [3]. 
Histone Chaperones Complex and main associated 
factors 
Related functions 
(x) Nucleoplasmin Homomultimeric complex Storage of H2A/H2B pools in 
Xenopus oocyte to be used for 
chromatin assembly, sperm 
chromatin decondensation, 
Histone acceptor 
(m) Nucleoplasmin 1-3 
(x) N1/N2 
-- Storage of H3/H4 pools in 
Xenopus oocyte to be used for 
chromatin assembly 
(Sc,d,m,h) NAP-1 -- Cytoplasmic –nuclear H2A/H2B 
transder, cell cycle regulator 
(Sc) Cac 1,Cac 2.Cac 3 
(d) P150, P105, P55 
(h) P150, P60, P48 
CAF- complex Chromatin assembly coupled to 
DNA replication 
(Sc) hir1, hir2 2 MDa complex of unknown 
componets 
Chromatin assembly 
independent of DNA replication 
(d,x,m,h) HIRA 
(Sc) Spt 16/Cdc68/Pob3 
FACT Chromatin –specific RNA 




RCAF: Asf-1, histones H3 and 
H4 
Putative histone transfer, 
synergy with CAF-1 activities 
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(m,h) ASF1 a and b 
Arps: (sc)Arp4, (sc)Arp8 
SWI/SNF, SRC,NuA4,INO80 
containing ISWI 
Regulation of chromatin 
structure, connecting histones to 
a nucleosome- remodeling 
complex, putative role in DNA 
repair and transcription  
(h) Rsf-1 RSF: Rsf-1 and hSNF2H Chromatin assembly 
independent of DNA replication, 
ATPase, nucleosome spacing 
 
1.1.3.2 DNA Compaction in Prokaryotes 
The compacted structure of bacterial DNA is called nucleoid. In prokaryotic cells, 
architectural proteins, also known as nucleoid associated proteins (NAPs), play important 
roles in association with chromatin compacting and organization. Among those NAPs, 
HU, Factor for Inversion Stimulation (FIS), Integration Host Factor (IHF) and Heat stable 
Nucleoid Structuring protein (H-NS) are recognized as the most important NAPs for their 
binding abilities to DNA and high intracellular abundance [4].  
Table 1.2 presents the binding mechanisms of several important NAPs. HU can non-
specifically bind to DNA and introduce strong bending to DNA which supplies the 
tension needed for DNA supercoiling. IHF can specifically bind to certain sequences of 
DNA and introduce additional bending to DNA. H-NS is one of the common 
maintenance proteins and is also involved in gene expression [5]. It was recently reported 
that H-NS has two binding modes, stiffening and bridging, which can be modulated by 






Table 1.2 Typical nucleoid associated proteins and their binding mechanisms to DNA. 
NAPs Binding modes to DNA Effective binding result 
HU Non-specifically bind to DNA 
causing strong bending 
 
FIS Specifically bind to a 15-bp 
core DNA site causing 50 -90 
degree strong bending  
IHF Non-specifically/specifically 
bind to DNA causing strong 
bending 
 
H-NS Bridging (hairpin structure) 
and stiffening 
(polymerization). Filament 
formation is critical for its 





1.2 Single Molecule Manipulation Techniques 
Force plays a fundamental and critical role in biological activities, such as DNA 
transcription, RNA translation and other biological motions. Therefore, high resolution 
detection of molecule force is highly desired to gain insights into those biological 
activities. Single molecule techniques have been advancing rapidly and become the 
versatile tools to study the force and motions of biological activities such as DNA-protein 
interactions. Most of the current single molecule manipulation techniques can reach the 
length resolution of nanometers and force resolution of piconewtons. 
To date, the widely-used single molecule tools include optical tweezers (OT), atomic 
force microscopes (AFMs), and magnetic tweezers (MT), of which each specializes in the 
different applications. 
1.2.1 Optical Tweezers 
A conventional optical tweezers setup comprises a trapping laser source and a microscope 
with a high numerical aperture (NA) objective as shown in Fig. 1.6. Both the wavelength 
of the laser source and the objective’s NA determine the accuracy and resolution. The 
trapping laser is focused by the objective to create a highly focused beam, which is able 
to hold micro particles within a stable volume. Optical tweezers show an advantage of 




Figure 1.6 Single DNA manipulation experiments setup based on optical 
tweezers. One free end of the DNA is attached to a functionalized glass 
surface and the other free end is attached to a bead, which is trapped by a 
focused laser beam. A rightward force is applied to the bead and the DNA 
is extended. The extension of DNA can be captured. 
1.2.2 Atomic Force Microscopes 
A conventional AFM mainly consists of three functional parts, a nanoscale cantilever, a 
laser bumper and a piezoelectronic scanner nose (monitor). Figure 1.7 shows a schematic 
of typical AFM and the real AFM used in our lab. In principle, the laser beam exerts a 
pulsing force on the cantilever and then is reflected back from the cantilever. This is used 
to monitor the cantilever’s reaction with the sample surface. The reflected laser beam is 
collected by a position-sensitive detector (PSD). The PSD has four photo detector 
segments. The displacement of these four segments illustrates the position of the laser 
spot on the detector [8]. The proportional relationship between the reflection force and 
the interaction force can be converted into a morphological signal by the control software. 
In a typical AFM pulling experiment, both ends of the sample (e.g. DNA) are coated with 
polyprotein molecules so that one end can be attached to the mica surface and the other 
end can be attached to the AFM cantilever tip. The piezoelectric stage is retracted along 
the axial direction with a constant speed. Both the force response and the extension of the 
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sample can be acquired by the cantilever deflection, and the distance between the AFM 
cantilever tip and the sample surface [9]. 
Compared to Scanning Probe Microscopy (SPM) and Electron Microscopy (EM), AFM 
does not need a metal plate as a media. More significantly, AFM can also track the live 
biological reaction in real time (long time scale). 
Figure 1.7 Schematic of Atomic Force Microscope (left) and the real AFM setup used in our 
lab (right). 
1.2.3 Magnetic Tweezers 
Magnetic tweezers are another important single molecule manipulation technique, 
showing advantages over optical tweezers and AFM. For example, compared to the 
optical tweezers, magnetic tweezers do not have the sample heating problem caused by 
the laser which can introduce artificial results. In addition, magnetic field does not 
interact with the sample as the laser beam of optical tweezers does. Meanwhile, magnetic 
tweezers can be used in aqueous environment and can achieve higher resolution as 
compared to AFM. Due to its biocompatibility and specificity, magnetic tweezers have 
become the valuable single molecule manipulation technique for the force measurement 
















Figure 1.8a shows a conventional magnetic tweezers apparatus: a modified surface 
provides a support to one free end of DNA, and the other free end is attached to a Dynal 
M-280 paramagnetic bead (Invitrogen, Carls bad, CA) on which magnetic force can be 
exerted [8]. A magnet is placed to create a magnetic field. The glass surface is 
functionalized to attach one end of the DNA (the tethering method is discussed as below). 
The paramagnetic beads can be pulled along the direction of the gradient of the magnetic 
field (B). Force is generated (𝑈 = −
𝑀 →∙ 𝐵→=−𝑀 ∙ 𝐵  = −𝑑𝑈𝑑𝑥 = 𝑀𝑑𝐵𝑑𝑥  ). The transverse 
fluctuation of the bead is used to calculate the force exerted on the bead (DNA),  
𝐹 = 𝑘𝐵T<z>(𝛿𝑦)2  
where T is the absolute temperature, 𝑘𝐵  is the Boltzmann constant, <z> is the end-to-end 
extension of the tether along the force direction, and the (𝛿𝑦)2 is the variance of the 
transverse (perpendicular to the force direction) fluctuation of the bead (Fig. 1.8b). This 
formula can be applied to any polymer which has one end attached to a rotation-free 
hinge as long as there is no interaction between the polymer and the surface [9]. In our set 
up, <z> and (𝛿𝑦)2 are simultaneously captured.  
For a force <10 pN, the WLC model can be simplified by:  
< 𝑧 >
𝐿
 = �1 −�𝑘𝐵𝑇4𝐴𝑓�, 
where f is the external force, < 𝑧 > is the average extension of the end-to-end extension 
of the tether, A is the persistence length of DNA and L is the contour length of the tether. 





 = 1 −�𝑘𝐵𝑇4𝐴  ∙  �1𝑓  




 , it falls on a straight line and the slope of the straight 
line is the persistence length A as shown in Fig. 1.3. If the persistence length falls into the 
range A=50±4 nm, the DNA can be confirmed to be a single naked DNA. 
 
Figure 1.8 (a) Schematic of magnetic tweezers setup (not to scale). Force is controlled 
by adjusting the distance, d, between the magnets and the paramagnetic bead. M is the 
induced magnetization of the bead, which is aligned along the same direction as the 
magnetic field. A bead is stuck on the surface as a reference to eliminate drift in all 
dimensions. (b) Schematic of the effective pendulum, which has a length of the tether 
length plus the bead radius. Bead fluctuation along the y-direction is used to measure the 
force. The extension of the tether is determined from the center of the bead to the edge 
of the cover glass.  
 
 
The real-time extension of the DNA tether can be tracked by magnetic tweezers. Figure 
1.9 shows the time course of the DNA extension versus time under a constant force. For a 
naked DNA, the extension remains the same when a constant force exerted (Fig. 1.9a and 
b). The transverse fluctuation is small when large force applied. The extension of DNA 
varies due to the DNA-protein interaction (Fig 1.9c). When the protein binds to DNA, the 
length deduction observed from the time course indicates folding or bending while the 

































Figure 1.9 Extension-time measurements under a constant force: (a) 
Extension of a random sequence λ-DNA (16.4 μm) under constant force of 
0.76 pN; (b) The same λ-DNA under constant force of 3.12 pN. The curve 
is smoother due to the larger force (smaller fluctuation); (c) The real time 
DNA folding process by histone proteins under a constant force of  0.53 
pN.  
1.2.3.1 Flow Channel Fabrication for Magnetic Tweezers 
In this thesis study, #0 cover glasses are functionalized with biotin-avidin attached to the 
glass. Then, λ- DNA (48.5 kb, 16.4 µm) with one free end labeled with biotin is attached 
to the cover glass first. Then, the other free end, labeled with streptavidin, is attached to a 
paramagnetic bead (Dynalbeads M-280 Streptavidin, Invitrogen, Singapore) with a radius 
of 1.4~4 µm depending on the force required. A homemade glass microfluidic channel 
was made to contain these components, and the buffer could be changed with constant 










Figure 1.10 Schematic and real picture of the flow channel. 
1.2.3.2 DNA Tethering 
Using T4 DNA ligase (New England Biolabs), two biotin-labeled oligos (5’-
GGGCGGCGACCT-3’-biotin) and (5’-AGGTCGCCGCCC-3’-biotin) were ligated to the 
two opposite 12-bp sticky ends of bacteriophage λ-DNA (48,502 bp) (New England 
Biolabs), which yields a DNA construct with a biotin on the 3’ end of either strand. 
Single λ-DNA molecules with two opposite 12-bp ends on either strand are end-labeled 
with biotin on both ends. One end was tethered to streptavidin functionalized cover glass 
edge while the other end was attached to a 2.8 μm paramagnetic bead (Invitrogen, Carls 
bad, CA).  
1.3 Thesis Motivations and Organization 
This thesis is focused on studying the binding mechanisms of proteins involved in 
genome organizations with the use of single molecule manipulation technique, magnetic 
tweezers. A typical histone chaperone involved in nuclesomes assembly, NAP-1, and two 
nucleoid assembly proteins from prokaryotic cells, MvaT and MvaU, were investigated.  
The entire thesis was organized in the following way. Chapter 1 is an introduction of the 
biological and physical background knowledge behind this thesis work.  
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In chapter 2, a new nucleosomes assembly protocol on random-sequence λ-DNA with 
association of histone chaperone NAP-1 was developed by using magnetic tweezers 
manipulation. Three trial protocols, salt dialysis with NAP-1, competing DNA assay and 
NAP-1 assay, were performed. The results were analyzed by step fitting algorithm.  
In chapter 3, the binding mechanisms of two typical H-NS-like proteins, MvaT and 
MvaU, were pictured. Additionally, their similarities and difference with H-NS were 
described. Most significantly, the study of MvaT mutants reveals the importance of MvaT 
stiffening mode, which offers insight into MvaT’s functions in vivo. 
Finally, the entire thesis was concluded in chapter 4. Moreover, possible future work was 













Chapter 2 Single Molecule Nucleosome Arrays Assembly 
Protocol Associated with NAP-1 
Abstract 
In recent years, histone chaperon is one of the hot subjects in chromatin studies. It has 
been generally believed that histone chaperon contributes to the delicate balance between 
nucleosome assembly and disassembly. In particular, NAP-1, as a well studied histone 
chaperone, has been reported to assemble nucleosomes onto 601 sequence alone without 
any help from other chaperones in vitro [10]. However, it is reported that NAP-1 alone 
can only assemble nucleosomes onto certain repetitive DNA sequence (i.e., 601 
sequence). Moreover, it needs an extremely accurate protocol. Specifically, the ratio of 
DNA to histone proteins, the concentration of NAP-1, the reaction timing and the DNA 
sequences must be precisely controlled. In this chapter, we aim to establish an easy-
performing, high-yield and accurate protocol for in vitro nucleosome assembly using 
histone chaperone NAP-1 on random DNA sequence for further chromatin dynamics 
study. Salt-dialysis, competing DNA (576 bp) and NAP-1 associated assay were tested on 
the λ-DNA (48,502 bp, 16.4 µm). Step structures can be partially formed while there are 
still irregular aggregates observed. This indicates that although NAP-1 is able to 
assemble nucleosome structures, it may not be sufficient to assemble regularly spaced 
nucleosome arrays on long random DNA sequence.  
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2.1 Introduction  
The core histones, linker histones, functional proteins and genomic DNA are packed 
together to form the chromatin structure which is essential for all native processes in cells, 
such as replication, transcription and recombination. As described previously, chromatin 
is made up of repetitive and regularly spaced nucleosomes, of which each consists of a 
core histone left-handed wrapped by 147 bp DNA at 1.67 rounds. The further compaction 
of nucleosomes which has many different types of proteins involved forms the chromatin 
[11]. In the whole delicate assembly process, the  ATP-dependent chromatin remodeling 
factors, histone chaperones, histone modifying enzymes and the nucleosome binding 
proteins play various and important roles at different levels of chromatin formation [12].  
The core histone octamer which serves as a ‘plate’ for nucleosome assembly consists of 
two symmetric copies of one (H3-H4)2 tetramer and two H2A-H2B dimers. These 
histones proteins are involved in the first level of the nucleosome assembly with the 
product called nucleosome core particle (NCP). It is recognized that the formation of 
NCP in vivo is a 3-step process. Firstly, the H3/H4, either in tetramer or dimer form 
randomly binds onto DNA, which causes DNA wrapping in right-handed or left-handed 
way. Subsequently, the two H2A-H2B dimers jointly organize the peripheral region. 
Lastly, the linker DNA wraps around the histone/DNA complex to form the basic 
structure of NCP [13]. 
At physiological salt concentrations, the positively-charged histone proteins are likely to 
bind to the negatively-charged DNA spontaneously. This electrostatic force induced 
combination can form a large amount of nonnucleosomal aggregates [14]. Therefore, two 
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solutions are needed to avoid this non-natural process which leads to two general ways to 
reconstitute nucleosome array in vitro respectively. One way is salt dialysis assay. The 
other way is to invite one group of proteins termed ‘chaperones’ to prevent improper 
interactions of histone proteins and DNA in order to facilitate the stable nucleosomal 
structures formation.  
2.1.1 Conventional Protocols for Chromatin Assembly 
Salt dialysis method is one of the commonly used methods for assembling chromatin in 
vitro. At high salt concentration (e.g. 2 M NaCl), the histone octamer remains stable 
because the high concentration salt can reduce the electrostatic repulsion between the 
highly charged proteins [15]. As the salt slowly dialyzes away, the histone proteins can 
assemble onto the DNA spontaneously due to the electrostatic interaction. During the 
assembly process, a delicate salt gradient must be applied to avoid aggressive deposition 
of histones. The DNA sequence serves as another modulator to adjust the deposition 
order of the histones. A typical nucleosome reconstitution template takes a total of 1.5-2 
days as shown in table 2.1. The following flow chart depicts a conventional salt dialysis 
assay to assemble nuleosome arrays in vitro.  
Basic Protocol: Conventional Assembly of Nucleosomal Templates by Step Salt 
Dialysis [16] 
Materials: 
• ~1 to 2 mg/ml sonicated calf thymus DNA (~0.5 to 1 kb; Sigma) 
• Radioactively labeled DNA  
• Purified native core histone protein fractions  
• 5 M NaCl  
• TE buffer, pH-8.0, containing 1.2, 1.0, 0.8, and 0.6 M NaCl 
• 6000 to 8000 MWCO dialysis tubing (Spectrapor; boil in Milli-Q water for 5 min 




Table 2.1 Conventional protocol of salt dialysis method. 
Step Buffer Duration 
1 1.2 M NaCl 4 h to overnight 
2 1 M NaCl 4 h to overnight 
3 0.8 M NaCl 4 h to overnight 
4 0.6 M NaCl 4 h to overnight 
 
 
Figure 2.1 Setup for gradient salt dialysis (adapted from Luger et al., 1999). 
 
Salt dialysis assay is a well-developed method to reconstitute nucleosomes in vitro. It 
yields a comparable large population of nucleosomes during the process which can be 
directly used for further chromatin mechanism study. However, the fundamental principle 
used in salt dialysis is the ‘charge theory’. As the DNA is negatively-charged and histone 
proteins are positively-charged, the delicate balance of the interaction between them can 
be achieved by modulating the salt concentrations. Although the salt dialysis assay is 
applicable in vitro, it is not the physiological natural process. This prevents the salt 
dialysis assay from being used to assemble the nucleosomes for kinetics research, such as 
to explore the mechanism of the chromatin assembly itself and to investigate the 
functions of each chaperon at different levels.  
 
Various proteins, such as ATP-dependent chromatin remodeling factors, histone 
chaperones and the nucleosome binding proteins, function to facilitate the chromatin 
assembly in different levels in vivo. In general, ATP-utilizing remodeling factors are to 
modulate the space between the adjacent nucleosomes by ATP-dependent mechanism. 
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Histone chaperones mediate the histone proteins-DNA interactions to avoid non-natural 
aggregates formation. According to the live functions of these proteins involved in 
nucleosome assembly, the minimal system to reconstitute periodic nucleosome arrays in 
vitro includes: one ATP-dependent chromatin remodeling factor, one ATP-independent 
histone chaperon, core histones and the DNA templates. One well-studied assembly 
protocol which has proved to be able to reconstitute regular nucleosome arrays in vitro 
works with the use of the recombinant ACF (one ATP-dependent chromatin remodeling 
factor) and the nucleosome assembly protein 1 (NAP-1) [17, 18]. In recent years, the 
histone chaperons have regained great interests due to their functions in facilitating 
reconstitution of chromatin for functional and structural studies in vitro.  
Histone chaperones are a group of proteins which can bind to histones and facilitate in 
balance chromatin assembly and disassembly during replication and transcription [19]. 
Different from other protein chaperones which facilitate protein folding, histone 
chaperones can prevent nonnucleosomal aggregates from forming during chromatin 
assembly by shielding the positive charges of histone proteins [20]. Several important 
histone chaperones have been well-identified with different functions from histone 
storage to histone donors. NAP-1 is one of the early identified histone chaperones and 
has gained numerous interests in recent years for its important functions in chromatin 
assembly/disassembly both in vivo and in vitro [21]. 
2.1.2 Nucleosome Assembly Protein 1 
NAP-1 is a 58 KD small protein, which has proved to be a histone chaperon conserved 
from yeast to human beings [22, 23]. NAP-1 is recently well recognized to be able to 
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assemble uniformly spaced nucleosomes on specific DNA sequence; therefore, NAP-1 is 
commonly used for in vitro nucleosomes assembly at physiological salt conditions [24, 
25]. Recent studies show that chromatin assembly factor 1 (CAF-1) and NAP-1 are the 
two main factors involved in periodic nucleosomes reconstitution with different functions. 
In terms of binding mechanism, it has been reported that CAF-1 is likely to associate with 
H3-H4 tetramer while NAP-1 is favored to associate with H2A-H2B dimer [5, 26]. Nima 
Mosammaparast et al. found that NAP-1 specifically promotes the interaction of histones 
H2A and H2B with their favorable transport factor, Kap114p [27]. The latest report 
revealed that NAP-1 can promote nucleosome assembly by eliminating nonnucleosomal 
histone and DNA interaction [28].  
In terms of structure, NAP-1 contains a highly acidic segment near its C-terminus which 
related to its histone binding ability. This segment functions to resemble the C-terminal 
acidic region of nucleoplasmin. Besides, there exists a stretch of amino acid residues 
(amino acids 240-258) which contain nuclear localization signals, and also a segment at 
positions 57-65 which may be related to a nuclear export signal [29].   
NAP-1 can bind to H2A/H2B dimers and H3/H4 tetramer at the same high affinity when 
it is free of DNA templates. However, when the DNA templates exist, H3/H4 can bind to 
DNA at 10-fold higher affinity than H2A/H2B [21]. Under the physiological salt 
condition, H3/H4 can bind to DNA to form nucleosomal structures while the binding of 
H2A/H2B to DNA results in improper nonnucleosomal structures. In other words, when 
the DNA templates exist, NAP-1 can bind to H2A/H2B to allow H3/H4 to bind to DNA 
first during the nucleosome assembly. After H3/H4 binds to DNA, NAP-1 releases 
H2A/H2B to DNA for further compaction. This can eliminate the nonnucleosomal 
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structure formation [30]. 
Salt dialysis assay is a nearly perfect method to assemble nucleosome arrays on specific 
DNA templates despite of its nature process irrelevance [31]. As described previously, in 
principle, salt dialysis is to reduce the electrostatic force between histone proteins and 
DNAs. When negatively-charged NAP-1 binds to the H2A/H2B, the highly positively-
charged H2A/H2B can be shielded from surroundings. The neutralized H2A/H2B 
complex can easily access to pre-existed H3/H4-DNA nucleosomal complex without the 
electrostatic repulsive force. From this point of view, the ‘charge theory’ is shared by 
chaperone-assisted chromatin assembly and salt dialysis method, which sheds light on a 
new protocol for chromatin assembly in vitro. In this thesis, to better understand the 
mechanism of chromatin assembly in vivo, we used single molecule manipulation 
techniques to investigate an easy-performing, high-yield and efficient protocol to 
assemble nucleosomes on random DNA sequence with the histone chaperone, NAP-1. In 
addition, the function of NAP-1 during nuclesosome assembly was studied.  
2.2 Method 
2.2.1 Transverse Magnetic Tweezers Manipulation 
Transverse magnetic tweezers (MT) was used as the manipulation tool in this experiment. 
The setup and working principle of MT were described in chapter one. In the experiments, 
firstly, NAP-1 and histone octamer complex were pre-incubated in 150 mM KCl (pH= 
7.4) at 37 oC for half an hour. After calibrating a single naked DNA tether, under the 
force of ~5 pN, the histone proteins complex were flushed into the microfluidic channel. 
When the assembling process reached the stable state (no extension of length observed) 
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under ~5 pN force, the external force was reduced to 3 pN till another equilibrium state 
happened. Then, the force was reduced continuously till the extension of the complex 
was almost out of focus (artificial data obtained when the object was out of focus). A 
large force (~10 pN) was applied to the complex when the complex reached the edge of 
the data collection frame. When the external force increased, the disassemble pattern was 
observed. The increase of the force continued till there was no disassemble signal 
observed and the DNA was fully stretched to the original contour length. 
 2.2.2 Competing DNA (576 bp) 
The following primers were used to generate the sequence from 992 to 1552 bp on λ-
DNA in PCR:  
(1) 5'[Biotin]ATTATACTCGAGAGCATAAGCAGCGCAACA3' 
(2) 5'ATTATAGAATTCATGACGCAGGCATTATGCT3' 
The DNA construct was digested by restricting enzyme EcoR I (New England Biolabs) 
and then incubated with digoxigenin-11-dUTP (Roche), dATP, dGTP, dCTP 
(Fermentas), and Vent (exo-) DNA polymerase (New England Biolabs) to get the 576 bp 
DNA (GC%=53%) construct labeled with biotin and digoxigenin on each end of the same 
strand. 
2.2.3 Step Fitting of Force-extension Curve 
The force-extension curve is fitted with steps at various sizes and durations. A step fitting 
program developed on Matlab platform is employed to perform the step fitting. The 
program is provided by Marileen Dogterom (Professor, Physics of Biomolecular Systems 
Department, FOM Institute AMOLF, Amsterdam, The Netherlands) [32]. The step fitting 
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is basically based on the calculation of the Chi-squared. The fitting mainly includes two 
procedures. The first one is to find the steps contained in the data. The data is initially 
fitted with a single large step, of which the size and location are determined by the Chi-
squared calculation. Then the fitting is continued by fitting the plateaus yielded by the 
previous fitting. This eventually results in a series of optimal fittings with various 
amounts of steps. The second procedure is to further evaluate the quality of the optimal 
fittings with different amount of steps so as to find out the true optimal fitting. For this 
evaluation, a ‘counter fitting’ is implemented. This ‘counter fitting’ has the same amount 
of steps as the fitting to be evaluated and however the location of each step is just 
between the steps in the fitting to be evaluated. Then, the ratio between the Chi-squared 
of the ‘counter fitting’ and the Chi-squared of the fitting to be evaluated is calculated for 
judging the fitting. When the fitting to be evaluated is closer to the real steps, then the 
‘counter fitting’ is farer away from real steps and consequently the Chi-squared ratio will 
be larger. In other words, the largest Chi-squared ratio indicates the true optimal fitting. 
Finally, the histogram of the fitted steps is calculated for analysis. 
2.3 Results 
2.3.1 Interactions of Histone Proteins and DNA at Physiological Salt 
Concentrations 
Unlike the proteins which are negatively-charged, histone proteins have strong positive 
charges and thus it can bind to DNA spontaneously at physiological salt concentrations 
(e.g., 150 mM NaCl). In the experiment, 0.01 mg/ml histone octamer was pre-incubated 
in 150 mM NaCl at 37 oC for 30 minutes. After a single naked DNA was calibrated, the 
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pre-incubated histone octamers was flushed into the microflow channel at ~4.18 pN. 
Figure 2.2a shows the assembly and disassembly behavior due to the external force. It 
was observed that the end-to-end distance of the naked DNA slightly decreased at 4.18 
pN. Furthermore, when the force was reduced to 2.14 pN, fast DNA assembly signal 
occurred, which further induced a 2 µm length reduction within 2 minutes. Dramatic 
assembly signal was observed when the external force was reduced to 1.17 pN. The end-
to-end distance of the DNA was reduced by ~8 µm within 1.5 minutes. To avoid out-of-
focus, an increment in force was used to detect whether the length of the DNA can go 
back to its contour length. The disassembly force was applied exactly in the reversed 
order of the assembly force. When a force of ~2.14 pN was exerted, compared to the 
assembly induced length reduction of 2 µm, the disassembly length was only a few 
hundreds of nanometers. Then a force of 4.18 pN was applied to further disassemble the 
DNA complex. The disassembly process was faster as compared to the assembly process. 
To stretch the DNA back to its contour length, larger force (i.e., f=8.43 pN) was applied. 
After about 15 minutes waiting, the DNA still could not be fully stretched. The final end-
to-end distance of the detected DNA remained at ~14 µm (Fig. 2.2a). The force-extension 
curve of the assembly and disassembly process (Fig. 2.2b) presents a clear picture of the 
end-to-end distance reduction. 
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CNaCl = 150mM (pH = 7.4)
Chistone octamer = 0.01mg/ml
(b)  Naked DNA CNaCl=150mM pH=7.4












Figure 2.2 Assembly induced by the binding of histone proteins to DNA at physiological salt 
concentration: (a) Time course of the assembly and disassembly process of pure histone proteins and 
DNA. 0.01 mg/ml histone octamer was added in the microfluidic channel to interact with DNA. The 
real time single DNA’s end-to-end distance was examined. (b) The force-extension curve of the 
assembly and disassembly process of pure histone proteins and DNA. Under the same force, the end-
to-end distance of detected DNA had a comparable difference.  
2.3.2 Nucleosome Arrays Assembly on λ-DNA Template by Salt Dialysis 
Associated with NAP-1 
Our magnetic tweezers experiment has an advance to exert an external force to control 
the histone proteins’ deposition sequence compared to the traditional biochemical method.  
In this experiment, we used the wild type λ-DNA (48.5 kbp, 16.4 μm,) as the DNA 
template and the b-λ-b surface to create a higher force to stretch the tightly compacted 
chromatin complex. Histone octamer and NAP-1 complex needs to be pre-incubated in 
37 oC for half an hour before experiment.  
The used materials are listed below: 
 λ-DNA ( New England Biolabs) 
 NAP-1 proteins purified from Drosophila 
 TE buffer (pH=7.4) contains NaCl with gradient concentrations of 2 M, 1 M, 
600 mM, 300 mM, 150 mM 
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 A homemade magnetic tweezers microfluidic channel with volume of 100 μL 







0.01 0.02 2 M NaCL 30 
0.01 0.02 1 M NaCl 30 
0.01 0.02 600 mM NaCl 15 
0.01 0 300 mM NaCl 15 
0.01 0 150 mM NaCl 10 
 
We set the concentration ratio of core histone to NAP-1 at 1:2. The naked DNA was 
tested under the concentration of 150 mM NaCl buffer. After calibration, the force was 
kept stably at ~5 pN and then the preincubated histone/NAP-1 complex in 2 M NaCl 
buffer was flushed into the channel slowly. Afterwards, the force was reduced to 0.5 pN 
and remained at 0.5 pN till the assembly process reached an equilibrium state (the length 
of DNA remained at a fixed value). The longest period (waiting time) of the force 
remaining at 0.5 pN was half an hour. Then, the force was increased to 5 pN, under 
which the Histone/NAP-1 complex in 1 M NaCl buffer was flushed into the channel. 
Subsequently, the force was reduced to 0.5 pN again. When the equilibrium was reached 
at 0.5 pN, the force was set to 5 pN again. The procedures above were repeated under the 
buffer concentration of 600 mM. The only difference was that the maximum waiting time 
was reduced to 15 minutes. At buffer concentration of 600 mM NaCl or less, only core 
histone was necessary for chromatin assembly. Hence, under 300 and 150 mM NaCl 
buffer conditions, no NAP-1 participated in the reaction.  
When the complex was fully assembled at salt concentration of CNaCl=150 mM, we 
applied large force to unfold the complex. The initial force was 10 pN, followed by 15, 
20, 30 and 50 pN till the DNA restored to its contour length. If the largest force MT can 
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reach still cannot fully unfold the DNA, 1 M NaCl was used to dissociate proteins from 
DNA if necessary. 
Figure 2.3 shows step-size structures during the disassembly process. The disassembly 
process of the complex showed that at force of ~12 pN, the complex can only be 
stretched back to ~6 μm, indicating that the complex was at a highly compacted state. At 
larger force of ~30 pN, the unfolding process was faster. However, the length of tested 
DNA was still comparably shorter than its original length. As shown in Fig. 2.3b, when a 
larger force of ~50 pN was applied, rapid unfolding steps along with big aggregates at 
order of micrometers were observed. DNA can be stretched back to its contour length 
after certain waiting time (depending on the disassembly procedures) as depicted in Fig. 
2.3a. 
Figure 2.4 presents the regular steps observed during the disassembly process under force 
of ~ 50 pN and the statistic result of the population of each step size. Regular step 
structures observed during the disassembly process (as shown in the Fig 2.4a) implied 
that nucleosomes particles may form during the assembly. The conclusion can be drawn 
from Fig 2.4b that both 25 nm and 50 nm steps can be filtered out with a total of 80 steps 









































Figure 2.3 The results of salt dialysis method to assemble nucleosomes on λ-DNA template 
associated with NAP-1: (a) The disassembly process under various force values (labeled in 
different colors). The typical force points which have major effects on complex disassembly are 
31.6 and 48.7 pN; (b) The disassembly process at force of 48.7 pN. Large aggregates and regular 
steps coexist. 































Figure 2.4 The step analysis results of salt dialysis method to assemble nucleosomes on λ-DNA 
template associated with NAP-1: (a) Step fitting curve for the disassembly process at force of 48.7 
pN; (b) Histogram of the fitted step sizes. The number of 25 nm step is dominated.  
2.3.3 Competing DNA Assay 
Many studies proved that DNA-to-histone ratio is the most critical factor for proper 
chromatin assembly [33]. Previous studies showed that the DNA-to-histone mass ratio at 
1:1~1:1.2 is optimal for chromatin assembly. In single molecule manipulation experiment, 
we examined the behavior of a single DNA in a relatively infinite environment, under 
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which it is hard to control the DNA-to-histone ratio. The solution to address this problem 
is either to dilute the concentration of the reaction buffer into infinite or to add certain 
amount of competing DNA, both of which are designed to obtain the optimal ratio of 
DNA to histone proteins. As described in the previous chapter, a histone octamer and a 
147 bp DNA sequence are the two least elements required for single nucleosome 
assembly. Thus, if the histone octamer solution is infinitely diluted, ideally only one 
histone octamer molecule and one single DNA remain in the channel. On the other hand, 
if the amount of the histone octamers is kept constant, competing DNAs can be added to 
bind the redundant histones around the DNA to be examined. Compared to the infinite 
dilution assay, DNA competing method is more accurate and easier to control in magnetic 
tweezers experiment. 
In our experiment, we used the 576 bp short DNA sequence, on which two nucleosomes 
can be assembled. After a single naked DNA was calibrated (Fig. 2.5), the salt dialysis 
procedure was repeated as shown in table 2.3. The same amount of competing DNAs was 
flushed into the MT channel at different buffer conditions to make sure that there was 
enough competing DNAs residual in the channel to consume the free histones. 
Table 2.3 Salt dialysis method to assemble chromatin using competing DNAs. 
 Concentration of DNA 





2 M NaCl 0.1 mg/ml 0.1 mg/ml 15 minutes 
1 M NaCl 0.1 mg/ml 0.1 mg/ml 10 minutes 
600 mM NaCl 0.1 mg/ml 0.1 mg/ml 5 minutes 
 
For DNA competing method, visible assembly signal occurred under 1 M salt 
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concentration while assembly can only be observed at low salt concentration (e.g. 600 
mM NaCl) for NAP-1 associated salt dialysis method. When the salt concentration was 
decreased to CNaCl= 600 mM, rapid and sharp folding signal was observed. The length of 
DNA reduced to 6 μm within 5 minutes. When a large force (~30 pN) was applied for 
long time (~30 minutes), the complex remained at the length of ~6 μm which indicates 
















Salt concentration: CNaCl= 150mM (pH = 7.4)
 
Figure 2.5 The force-extension curve of the naked DNA. This force-extension curve 
serves as a standard.  All the experiments were performed on this DNA. 
 
 
Figure 2.6 The results of chromatin assembly using salt dialysis method with competing DNAs: (a) 
The DNA was irregularly folded in a dramatic way in 600 mM NaCl. The folding curve shows that 
the folding process was very unstable. The length of the DNA was stabilized at ~2.5 μm which is 
remarkably shorter than the length of a bare DNA at the same condition; (b) The unfolding curve 





































of the λ-DNA and histone octamers complex in 600 mM NaCl buffer. Even at the large tension 
(~30 pN) and for a long waiting time (30 minutes), compared to the 16.4-μm contour length of λ-
DNA, the length of the complex could merely be drawn to 6 μm.  
The unfolded signals hint that there were aggregates formed during the assembly. One 
interpretation of this phenomenon is that the high dose of DNA competitors in the 
surroundings may be tangled with the tested DNA. To minimize the interference, we 
decreased the reaction ratio of DNA to histone by 10-fold as shown in table 2.4.  
Table 2.4 Salt dialysis method to assemble chromatin using competing DNAs at 10-fold 
lower concentration.  
 Concentration of DNA 




under 0.5 pN 
2 M NaCl 0.01 mg/ml 0.01 mg/ml 15 minutes 
1 M NaCl 0.01 mg/ml 0.01 mg/ml 15 minutes 
600 mM NaCl 0.01 mg/ml 0.01 mg/ml 10 minutes 
300 mM NaCl 0.01 mg/ml 0.01 mg/ml 5 minutes 
 
The decrease of competing DNA to histone ratio did not make much difference in the 
results (results not shown) as compared to the results of the previous 10-fold higher 
concentration experiment. Big aggregates during the assembly process were observed and 
the disassembly curve showed fluctuation due to the co-existence of assembly and 
disassembly.  
2.3.4 Single Molecule Study on Nucleosome Arrays Assembly Associated 
with NAP-1 
NAP-1 is a well studied histone chaperone involved in chromatin assembly both in vivo 
and in vitro. The conventional salt dialysis assay works well in assembling nucleosome 
arrays in vitro. However, the combination of these two factors to assemble nucleosomes 
in vitro introduces rather more considerable aggregates than in individual process. The 
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drawback of conventional salt dialysis assay is that its principle is not the live process in 
cells. This sheds a light on the hypothesis that the salt dialysis itself may hinder the 
regularly-spaced nucleosome arrays formation. To test the hypothesis, the experiments on 
NAP-1, histone octamers and DNA templates without salt gradients involved were 
performed. 
The experiment procedures were the same as the previous two assays except that gradient 
buffers were excluded. All the experiments were done at the physiological salt condition, 
150 mM NaCl, TE buffer (pH=7.4). The histone octamers (0.01 mg/ml) and NAP-1 (0.02 
mg/ml) were pre-incubated at 37 ℃  for half an hour in 150 mM NaCl, TE buffer 
(pH=7.4). After single DNA was calibrated, the NAP-1 and histone octamers mixture 
were flushed into the MT channel under the tension of f = 5 pN using the loading tips. On 
the point of buffer loading, dramatic assembly was immediately observed at f = 5 pN (Fig. 
2.7). The exerted force was continuously decreased from ~5 pN to the certain force when 
the extension of the DNA remained at a steady value, which indicates that the reaction 
under this force reached the equilibrium. Larger force (i.e., ~10 pN) was required when: 
(1) the assembly signal stopped even if a lower force was applied (the extension of the 
DNA no longer changed); and (2) the nucleus of the bead was out of focus (unreliable 
data). Larger force may be applied till the DNA was fully stretched to the contour length 
(16.4 µm). Figure 2.9 shows that compared to the other two assays, the populations of 
both the 25 nm and 50 nm steps increased and the steps were smoother. Furthermore, 
both the number and the size of the aggregates were significantly reduced (Fig. 2.8). 
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Figure 2.7 The real time course of the assembly and disassembly process of the nucleosome 


















































































Figure 2.8 The step fitting of the unfolding process of the nucleosome assembly associated with NAP-
1 in 150 mM NaCl buffer: (a) Three typical disassembly forces are investigated. Both small and large 
step sizes can be observed. No large aggregates were observed; and (b)-(d) The close-up step fitting 
















Figure 2.9 Histogram of the fitted step sizes. 25-nm step dominates and more steps 
fall into the 20-50 nm interval. 
2.4 Discussions 
Our experiments were focused on investigating an efficient, high-yield nucleosomes 
assembly protocol on random λ-DNA templates with the well-studied histone chaperone 
NAP-1 by using single molecule manipulation techniques. Salt dialysis assay approach to 
assemble periodic nucleosome arrays in vitro has been well established and widely used 
in laboratories. Recent studies showed that NAP-1 alone is also able to assemble 
regularly spaced nucleosomes on repeatedly-sequenced DNA templates. Based on these 
findings, we hypothesized that the individual functions of salt dialysis method and NAP-
1 can be strengthened mutually through combining them. The large aggregates observed 
in the results indicated that many nonnucleosomal structures formed. NAP-1 is a histone 
chaperone naturally exists in eukaryotic cells to help chromatin compaction. However, 
artificially creating a salt gradient to deposit the histone proteins onto the DNA templates 
(salt dialysis assay) is not a native action in vivo. This results in disordered assembly, 
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from which large aggregates arise. We conducted two contrast experiments with the aim 
to get an optimal nucleosome assembly protocol. One was salt dialysis method with 
magnetic tweezers, in which the salt gradients remained but the dialysis tubes were 
replaced by microfluidic channels. The other one was to use NAP-1 alone with 
microfluidic channels. From our results, we can conclude that proper nucleosomes 
structures can be formed on a random DNA sequence (e.g. λ-DNA template) and NAP-1 
alone yields a larger population of nucleosomes than NAP-1 associated with salt dialysis 
does. However, our protocols are not able to get regularly spaced nucleosome arrays with 
the similar conformation as the native nucleosomes. One of the possible reasons is the 
single molecule manipulation limit, such as on ratio control. In addition, since we used λ- 
DNA, the DNA sequence may also be the key factor.  
2.4.1 Effect of DNA Sequence on Nucleosome Assembly  
The previous experiments that successfully assembled nucleosome arrays using NAP-1 
alone were conducted on the repetitive DNA sequences or supercoiled DNAs [16, 34, 35]. 
It has been reported that the DNA sequence affects the nucleosome stability. The 601 
sequence was proved to be the most favorable sequence for nucleosome positioning by 
Lawary and Widom [36, 37]. DNA wraps around the core histone octamer to form a 
nucleosome can result in linking number decrease by ~1.0 [38]. Hence, negatively 
charged supercoiled DNA template is favorable during nucleosome assembly because the 
superhelical tension can be neutralized due to the positive supercoil generated in the 
assembly process. This study has been used to develop more efficient and active 
nucleosome assembly protocols to negatively supercoiled DNA templates instead of 
relaxed DNA templates [39]. In principle, the ATP-independent reconstitution of 
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nucleosome arrays is more rapid and efficient with negatively supercoiled DNA 
templates than with relaxed linear DNA templates [33]. Our experiments were performed 
on the 48.5 kbp wild type linear λ-DNA which does not have specific binding sequences 
for histone proteins. In this situation, histone proteins are likely to bind onto the favorable 
sequences randomly and leave some disfavored sequences blanked. The DNA sequence 
may be one of the factors preventing the formation of the periodic nucleosomal structure. 
2.4.2 Significance of Histone-to-DNA Mass Ratio 
The histone-to-DNA mass ratio is the most important parameter for delicate nucleosmes 
assembly [33]. If the histone-to-DNA mass ratio is too high, the excessive histone 
proteins can tangle with DNA in the middle of process leading to the formation of 
undesirable aggregates. On the other hand, if the histone-to-DNA mass ratio is too low, 
lack of histone proteins will result in incomplete chromatin reconstitution. Therefore, at 
the beginning of experiments, it is beneficial to start with an estimated histone-to-DNA 
mass ratio of 1.0:1.0 (one nucleosome particle per 160 bp of DNA), and then continue 
with a series of sequential reactions with varying histone-to-DNA ratio (~10% increments, 
e.g., 0.9:1.0, 1.0:1.0, 1.1:1.0) [24]. The microfluidic channel can provide an environment 
which is inevitably full of DNAs and histone proteins. Even though the DNAs and 
histone proteins were prepared at a certain ratio, the DNAs remained in the channel were 
unpredictable. The competing DNA and infinite dilute methods we tested were meant to 
keep the histone-to-DNA ratio at 1.0:1.0. This was achieved by increasing the DNA 
concentration with 576 bp short DNA sequences to saturate the histone octamers. Large 
aggregates and irregular steps shown in the results suggest that keeping the DNA-to-
Histone ratio at a certain value in a buffer free environment cannot be achieved by 
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saturating the histones.  
2.4.3 Effect of Salt Concentration on the Affinity of NAP-1 to Histone 
Octamers 
The salt concentration affects the conformation of histone octamers. The interactions 
among those histone octamers are dominated by the attractive hydrophobic forces and the 
repulsive ionic force. When the salt concentrations are high, such as 2 M NaCl, the 
repulsive forces are reduced and as a result the core histones exist at the octamer form. 
However, when the salt concentration is low, such as 150 mM NaCl, the histone proteins 
exist mostly in H2A-H2B dimers and (H3-H4)2 tetramers [40]. The salt dialysis assay to 
assemble chromatin in vitro is accomplished by systematically reducing the salt 
concentration (ionic strength) based on the fact that the (H3-H4)2 tetramers have strong 
affinity to DNA than H3-H4 dimer at higher concentration. In our experiment, we 
improved the salt dialysis method by adding NAP-1 into the procedures. Some regular 
sizes (i.e., 25 and 50 nm) were observed. In 2010, Andrew et al. proposed that NAP-1 
promotes chromatin assembly by eliminating the nonnucleosomal histone (H2A, H2B) 
DNA interaction. In their study, they found that the affinity of H3-H4 to DNA without 
NAP-1 is the same as with NAP-1 while the affinity of H2A-H2B to DNA is reduced 
with NAP-1 as compared to without NAP-1. This suggests that the NAP-1 can prevent 
H2A-H2B binding to DNA. The question of when and how NAP-1 can deposit the H2A-
H2B onto the DNA could be raised. Therefore, we proposed that the salt concentration 




Our results showed that NAP-1 can mediate chromatin assembly in vitro as reported in 
literature. However, NAP-1 alone may not be sufficient to form the periodic nucleosome 
arrays. In our experiments, more 25 nm steps were observed compared to 50 nm steps, 
confirming the theoretical prediction that NAP-1 is involved in the intermediate step 




Chapter 3 Single Molecule Study on MvaT/MvaU-DNA and 
MvaT Mutants-DNA Interactions 
Abstract 
MvaT and MvaU are nucleoid-associated proteins (NAPs) found in Pseudomonas 
aeruginosa. NAPs in prokaryotic cells function to pack and compact the genetic material 
carrier, nucleoid. Recent research showed that similar to one of the well-studied NAPs, 
H-NS, MvaT is able to bridge DNA. In this study, we revealed that in addition to bridging, 
DNA stiffening also occurred in complexes formed by both MvaT and MvaU. 
Furthermore, our results unravelled the full picture of binding mechanisms of MvaT and 
MvaU to DNA and also disclosed their similarities and differences with H-NS from the 
aspect of function. Moreover, the importance of MvaT stiffening binding mode was 
highlighted because MvaT mutants can cause the absence of stiffening in the complex, 
which sheds a light on explaining the gene silencing functionality of MvaT in vivo. This 
conclusion may also be extended to other H-NS-like proteins with the ability to form 





DNA regulation and gene compaction are critical in all organisms. In bacteria, DNA is 
organized into a compacted structure, nucleoid, which is the core element for gene 
regulation and other genetic processes. To maintain this compacted structure of nucleoid, 
in addition to depletion force and DNA supercoiling, NAPs play important roles in DNA 
compaction in Prokaryotic cells. Factor for Inversion Stimulation (FIS), IHF, HU and H-
NS are the prominent NAPs and have been well-examined recently. Among them, H-NS 
is a novel protein involved in DNA compaction and a global transcriptional regulator in 
bacteria and hence has gained great interests due to its various homologues termed H-NS-
like proteins [41]. H-NS-like proteins are a group of proteins sharing the analogous 
functions or similar sequences with H-NS. In terms of structure, H-NS is capable of self-
associating through its N-terminus to form higher-order oligomer and using its C-
terminus to bind to DNA [42]. A couple of H-NS-like proteins have been identified in 
various bacteria due to their similarities with H-NS at structural level (e.g., StpA, the first 
identified paralogue in E. coli, shares about 60% identity with H-NS at amino acid level). 
On the other hand, many proteins are categorized as the H-NS-like proteins because they 
behave similarly in terms of function although they share low sequence identity with H-
NS. Particularly in Pseudomonas strains, MvaT and MvaU are classified as two novel H-
NS-like proteins due to their functional similarities with H-NS: MvaT functions the 
amino (N)-terminus as oligomerization domain and carboxy (C)-terminus as DNA 
binding domain, separated by a flexible linker, which is predicted to form the higher-
order oligomer with other proteins; as for MvaU, it exists in Pseudomonas aeruqinosa, 
sharing many identities with MvaT. MvaT and MvaU subtly exist in bacteria due to the 
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fact that MvaT and MvaU can functionally substitute each other. Moreover, there is an 
extensive overlap in MvaT and MvaU regulons [43]. 
The fact that DNA stiffening caused by H-NS can polymerize along DNA sheds a light 
on the mechanism of H-NS’s gene silencing function in vivo. Recent studies on another 
H-NS-like protein StpA showed that H-NS-like proteins also have strong effect on DNA 
stiffening. With all the reported findings, Castang et al. predicted that forming higher-
order structure should be a conserved feature of all H-NS-like proteins [44]. Dame et al. 
conducted AFM imaging on wild type MvaT and observed higher-order complexes [45]. 
Recently, Castang et al. proved that MvaT can form both dimers and higher-order 
oligomers by biological approach. Furthermore, they identified the specific region 
relevant to higher-order oligomer formation. By doing single amino acid substitution in 
the identified MvaT oligomerization domain, two MvaT mutants, F36S and R41P are 
obtained. These two mutants can disrupt certain higher-order interaction of MvaT while 
affecting little on the function of the dimerization domain. The experiments conducted on 
the MvaT mutants by Castang et al. demonstrated that higher-order oligomerization is 
vital for MvaT’s functionality both in vivo and in vitro [44]. They also pointed out that 
these two mutants are functionally impaired and exhibit DNA binding defects due to their 
inability to form higher-order oligomers. The binding mode the mutants lack is directly 
related to the gene silencing function of MvaT in vivo. To investigate what the lacking 
binding mode is and how this binding mode affects MvaT’s function, we conducted 
magnetic tweezers experiments on MvaT mutants and compared their binding behaviors 
to the wild type MvaT. 
Understanding the binding modes of proteins to DNA can provide insight into the 
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mechanism of how the proteins function in vivo. MvaT has proven to be capable of 
bridging DNA and forming higher-order complex at high salt concentration. However, 
few studies have been done on its paralogue, MvaU. Therefore, in this study, we aimed to 
investigate a whole picture of binding mechanisms of MvaT and MvaU interaction with 
DNA. Moreover, we also explored the binding mechanism of two MvaT mutants, F36S 
and R41P, which may shed a light on explaining the functions of H-NS-like proteins in 
vivo. 
3.2 Method-Transverse Magnetic Tweezers Manipulation 
The principle and setup of MT used in this experiment are the same as described in 
previous chapter. After using the persistence length to indentify a single bared DNA, the 
measurement was started at high force (~10 pN) and then the force was successively 
reduced to ~0.1 pN. Then, the force was increased exactly following the forward force 
points in order to determine if any hysteresis exists. Thirty seconds were needed at each 
force point given that the bead was still in the focus plane and data generated in the last 
15 seconds was collected for analysis. From the force-extension curve, any hysteresis 
observed indicates folding, and the degree of hysteresis was used to measure the degree 
of folding. The length extension exceeding the naked DNA length under the same force 
indicates stiffening.  
3.3 Results 
3.3.1 Stiffening and Bridging Co-exist in MvaT/MvaU DNA Complexes 
Dame et al. showed that MvaT is able to bridge DNA and form higher-order complexes at 
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high concentration of MvaT by using AFM imaging [46]. In 2010, Liu et al. revealed that 
H-NS can both stiffen and bridge DNA. Our experiments with the use of magnetic 
tweezers showed that apart from bridging, MvaT could also stiffen and fold DNA. 
Whereas unlike H-NS, which has distinct stiffening and bridging modes modulated by 
magnesium, both stiffening and bridging coexist in MvaT/MvaU DNA complexes. 
Stiffening dominates at high force and the folding starts at smaller force as shown in Fig. 
3.1a. Furthermore, folding is favored when the concentration of MvaT was increased (the 
folding force became larger as increasing protein concentration, e.g. ~ 0.1 pN at 300 nM 
and ~0.5 pN at 600 nM). As for MvaU, it can also stiffen and fold DNA with striking 
similarities to MvaT (Fig. 3.1b). However, the force to completely unfold DNA for MvaU 
is relatively large (~10-20 pN) than that of MvaT. 
 
Figure 3.1 Coexistence of stiffening and bridging in (a) MvaT (left panel) and (b) MvaU (right panel). 
Enhanced folding was observed with increasing concentration of MvaT and MvaU. The folding force 
varies with respect to different concentrations and conditions. The unfolding force for MvaU is 
generally larger (10-20 pN) as compared to MvaT (1-2 pN). 
3.3.2 Stiffening-Defect of MvaT Mutants 
Castang et al. demonstrated that higher order oligomaerization has a key affect on MvaT 
functions in vivo. Furthermore, by using genetic assay, they examined two MvaT mutants 
F36S and R41P (with a single amino acid substitution in the MvaT oligomerization 
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domain) and concluded that the two mutants are DNA binding-defective because they 
disrupt the higher-order structure formation. However, the mechanism is still unclear. In 
our previous experiments, we observed that there are three ways for MvaT to bind to 
DNA, bridging, folding and stiffening. Therefore, we aimed to find out the binding mode 
related to the higher-order structure, which is vital for understanding the functions of the 
different binding modes in vivo.  
We performed magnetic tweezers measurements on these two mutants exactly following 
the procedures done on the wild type of MvaT. Our results showed that the dramatic 
folding occurred in both mutants instead of the coexistence of stiffening and folding 
observed in wild type MvaT. The stiffening mode is completely eliminated for both 
mutants examined (Fig. 3.2). Under the typical concentrations of protein (i.e., 100 nM, 
300 nM and 600 nM), MvaT (F36S) folded DNA aggressively at a folding force (about 
0.8 ~2 pN) and unfolded DNA at a force ~2 pN. MvaT (R41P) folded DNA at relatively 
large force when the protein concentration was increased. However, it required a larger 
force to unfold the DNA-protein complexes (~10 pN).  
 
Figure 3.2 MvaT mutants are defective of stiffening. MvaT (F36S) (a, left panel) and MvaT 
(R41P) (b, right panel) could only fold the DNA at a larger folding force compared to the wild 
type MvaT. At higher protein concentration, DNA was too compacted to be unfolded. 
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3.3.3 Effect of Environment on DNA Folding by MvaT/MvaU 
The Pseudomonas genus has been well known for its adaptability to a wide range of 
environmental conditions [47]. Meanwhile, it was reported that H-NS could modulate 
gene expression through environmental signals [48]. One possible reason for this 
modulation is the response of protein-DNA complex to environment. For example, H-NS 
stiffening is affected by salt osmolarity, pH, temperature and magnesium [49, 50]. 
However, H-NS-induced bridging is largely insensitive to these factors. We therefore 
investigated how MvaT/MvaU and DNA complexes respond to salt osmolarity, pH, 
temperature and magnesium. 
3.3.3.1 Salt Osmolarity Effect 
MvaT/MvaU folded DNA more tightly when the KCl concentration was reduced from 50 
mM to 5 mM (Fig. 3.3a and b). Aggressive folding was observed at higher force and 
larger force was demanded to fully unfold the DNA. At 100 and 200 mM KCl, the 
negligible hysteresis in the force-extension curve indicates that the folding is much 
weaker than that in 50 mM KCl. Weak unfolding signal was seen at large force. The 
stiffening effect prevalent at 100 and 200 mM KCl was comparable to that of 50 mM KCl. 
Although the hysteresis seems to be negligible at 100 and 200 mM KCl, it does not mean 
that the folding is negligible. This is due to the force that we exerted on the protein-DNA 
complex in magnetic tweezers.  
3.3.3.2 PH Effect 
The pH value also affects the degree of folding (Fig. 3.3c and d). At low pH value of 6.5, 
the DNA was folded aggressively at ~0.5 pN and was hardly unfolded. At high pH value 
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of 8.5, the hysteresis is negligible, indicating weaker folding. Stiffening existed at the 
whole range of pH form 6.5 to 8.5 and was very insensitive to pH value. 
 
Figure 3.3 Binding modes of MvaT/MvaU response to the environmental factors. DNA folding 
by MvaT and MvaU is modulated by environmental factor. The panel on the left is for MvaT 
(top-a, middle-c, bottom-e) and the panel on the right is for MvaU (top-b, middle-d, bottom-f). 
(a-b) DNA-protein complexes response to KCl concentration in 300 nM protein concentrations, 
pH 7.5 with the KCl concentration varied from 5-200 mM. More aggressive folding is seen 
with decreasing salt osmolarity, indicated by stronger hysteresis. (c-d) DNA-protein complexes 
respond to pH in 50 mM KCl and 100 nM protein concentrations. Folding is much stronger at 
lower pH (6.5) and the DNA is hardly unfolded at this condition. (e-f) DNA-protein complexes 
response to temperature is less sensitive. MvaT didn’t show any effect when the temperature is 
varied from 23 to 37⁰C, whereas MvaU folding seems to be enhanced at 37⁰C. 
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3.3.3.3 Temperature Effect 
The temperature slightly affected the degree of folding but had no effect on stiffening at 
the range tested from 23 to 37oC (Fig. 3.3e and f). Our results indicated that under the 
variable environmental factors discussed above, MvaT/MvaU can still stiffen and fold 
DNA which however was modulated to some extent. Generally, the stiffening mode 
remains steady when changing salt concentration, PH value and temperature. Compared 
to stiffening, the strength of folding was more sensitive to the three environmental factors. 
3.3.3.4 Effect of Magnesium on the Folding Ability of MvaT and MvaU  
Magnesium (Mg2+) is another important environmental factor and has been recognized as 
a switch between H-NS stiffening mode and bridging mode. To investigate how MvaT 
and MvaU respond to Mg2+, we fixed proteins at 100 nM and KCl at 50 mM (pH=7.5) 
and added MgCl2 with the concentration of 1 and 5 mM separately. Our results (Fig. 3.4) 
indicated that magnesium is able to further compact DNA significantly at physiologically 
relevant magnesium concentration of 1 mM. However, the stiffening is unaffected at the 
range of magnesium concentrations tested. The effect of magnesium ion is contrary to 
salt osmolarity effect (Fig. 3.4a and b), which indicated that the enhanced folding must be 





Figure 3.4 Magnesium enhances DNA compaction for both (a) MvaT (left panel) and (b) 
MvaU (right panel). The concentrations of proteins are fixed at 100 nM, in 50 mM KCl 
(pH=7.5) with concentration of MgCl2 varying from 1 mM to 5 mM. Apparent effect could 
be seen at physiological magnesium concentration of 1 mM. 
3.4 Discussions 
The binding modes of MvaT and MvaU to DNA have been characterized. Both MvaT 
and MvaU can fold (bridge) and stiffen DNA, and the folding and stiffening coexist. The 
binding behaviors are affected by the environmental factors to some extent. It can be 
concluded from our results that MvaT and MvaU have a similar mechanical behavior, 
which is consistent with their similar functions in vivo. MvaT mutants can completely 
eliminate the stiffening mode, indicating that the stiffening mode is responsible for 
MvaT’s gene silencing functionality in vivo. 
3.4.1 Binding Mechanisms of MvaT and MvaU to DNA 
Both MvaT and MvaU can stiffen and fold DNA. This supports the idea that MvaT and 
MvaU play the major roles in organizing bacterial nucleoid [46]. MvaU, however, seems 
to stiffen and compact the DNA more strongly than MvaT does, which explains the 
reasons why the copy number of MvaU in the cell is much lower than that of MvaT [51]. 
It is also possible that MvaU plays a greater role at certain condition, on which MvaT 
binding is weaker. MvaT and MvaU have theoretical pI of 9.47 and 9.45, respectively, 
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and hence they contain positively charged residual at physiological pH value. This can be 
proved partly by the aggressive folding at low ionic strength and low pH in our magnetic 
tweezers measurements. Furthermore, we showed that the stiffening is mostly insensitive 
to environmental factors, whereas folding strength is slightly modulated. Regardless of 
the folding strength modulation, in the range of environmental conditions tested, 
MvaT/MvaU-DNA complexes conformations are generally insensitive, which may be 
crucial for Pseudomonas genus adaptability. 
3.4.2 The Role of Higher-order Oligermarization in MvaT 
MvaT is able to form higher-order oligomer in solution through its N-terminal region 
interaction [52]. Mutation at this region inhibits its ability to form higher-order oligomer 
(only dimer formation exists). Moreover, these mutants fail to repress phase-variable 
expression of the cupA gene. Therefore, it is implied that the lost function in the mutants 
may be responsible for the gene silencing function. We showed that the lost function in 
the mutants is its ability to stiffen DNA which leads to the conclusion that stiffening plays 
an important role in MvaT functionality in gene regulation. Furthermore, our experiments 
suggested that higher-order oligomer (above dimer) may be responsible for DNA 
stiffening. As H-NS and other H-NS family members have been known to form higher-
order oligomer, the implication of our experiment may be applicable to those proteins as 
well. 
3.4.3 Similarities and Differences between MvaT/MvaU and H-NS 
Although MvaT and MvaU only share less than 20% sequence similarities to H-NS, it 
has been suggested that both MvaT and MvaU are H-NS-like paralogues due to their 
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similar predicted functions [53].  
Both MvaT and MvaU can stiffen and fold DNA. They have the same binding behaviors 
as H-NS. H-NS is able to stiffen DNA without magnesium, and to bridge DNA with 
magnesium [49, 50, 54, 55]. Differently, MvaT and MvaU are able to simultaneously 
stiffen and bridge DNA, irrespective of the presence of magnesium. For MvaT and MvaU, 
magnesium can only induce further folding through enhancing protein-protein interaction. 
As for the response to the environmental factors, the binding behaviors of MvaT and 
MvaU can only be slightly modulated in comparable way, whereas H-NS is more 
sensitive to environmental factors. StpA, as an H-NS-like protein shares 58% sequence 
similarity with H-NS, is able to cooperate with H-NS to form heteromers. In contrast to 
the relationship between H-NS and StpA, our results showed that MvaT and MvaU do 
not have their own unique behavior. The mechanical behavior redundancy, which 
corresponds to their functions, may suggest that MvaU is able to assist and/or replace 
MvaT as a global gene regulator [56]. Additionally, MvaU may serve as a molecular 
backup for MvaT, or vice versa. 
In summary, we unraveled the complete binding mechanisms of MvaT and MvaU to 
DNA. They behave in a similar fashion, to stiffen and fold DNA simultaneously. MvaT 
mutants lack the ability to stiffen DNA, which highlights the importance of stiffening 
mode in gene regulation. MvaT and MvaU folding is slightly sensitive to salt osmolarity, 
pH and temperature in a comparable manner. The presence of magnesium can induce 
further folding by enhancing protein-protein interaction. Our experiments provide further 
insights into possible mechanism of MvaT/MvaU activities in DNA organization and 
compaction and also in gene regulation. 
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Chapter 4 Summary and Future Directions 
 
This thesis includes two main sections: in the first section, we explored a new protocol 
for nucleosome assembly on random DNA sequence in vitro using single molecule 
manipulation techniques; in the second section, we focused on the binding modes of H-
NS-like proteins, MvaT/MvaU to DNA and binding behaviors of MvaT mutants.  
A new protocol to reconstitute nucleosomes in vitro associated with histone chaperone 
NAP-1. 
We explored and developed a new protocol to reconstitute nucleosome arrays on the non-
specific sequenced λ-DNA with the use of magnetic tweezers. Combined with the 
conventional salt dialysis assay, we tested if the histone chaperone NAP-1 can facilitate 
regular nucleosome arrays formation. We tried several assays: the salt dialysis method 
with NAP-1, the competing DNA and the NAP-1 alone to reconstitute nucleosome assay. 
A special step-fitting algorithm was used to fit the force-extension curve. Regular steps 
(i.e., 25 and 50 nm) can be observed in the step-fitting results for both salt dialysis 
method with NAP-1 and NAP-1 alone with histone octomers. Moreover, the experiments 
are highly repeatable. This indicates that nucleosome structure forms during these two 
processes. Although the protocol may be optimized by further modification, our 
experiments clearly show that NAP-1 alone is able to assemble nucleosome arrays on 
randomly sequenced DNA at physiological salt condition. 
In our experiments, we observed the formation of nucleosomes. However, we did not see 
the periodic nucleosome array structure. The possible reasons are: on one hand, the limit 
of single molecule manipulation technique itself, such as the chaos environment where 
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the single DNA involved in may complicate the assembly/disassembly processes; on the 
other hand, compared to the previous studies, there are some factors we can test to 
optimize the protocol in the future: the salt concentration and the optimal ratio of histone 
octame:DNA and NAP-1:histone octamer. Furthermore, we may also define the critical 
force of the assembly/disassembly process, the assembly/disassembly rate for kinetic 
study.  
The binding modes of MvaT/MvaU to DNA and the binding behavior of the MvaT 
mutants  
We firstly performed the magnetic tweezers experiments on H-NS-like proteins MvaT 
and MvaU, and then investigated the binding behaviors of MvaT mutants and their 
biological relevance in vivo. Both MvaT and MvaU behave similarly in stiffening and 
folding DNA. Meanwhile, the folding degree can be modulated by the environmental 
factors, such as pH value, temperature and salt concentration. In addition, we investigated 
the effect of magnesium. Our results showed that magnesium can introduce stronger 
folding by enhancing protein-protein interaction. The observation that MvaU has 
relatively stronger binding ability than MvaT explains the reason why the express number 
of MvaU is smaller than MvaT in cells. Most importantly, the MvaT mutants lack the 
ability to stiffen DNA which indicates that the stiffening mode may be critical for gene 
silencing. Our work draws a complete picture of MvaT/MvaU binding mechanism and 
shows a support to the theory that the higher-order oligomer of MvaT plays an important 
role in gene silencing.  
In the future, AFM imaging may be done for both MvaT/MvaU and MvaT mutants. AFM 
imaging makes the binding modes visualized and at the same time gives hints for further 
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